Introduction
Interactions between dental epithelium and mesenchyme are important for root formation similar to crown formation. While the molecular mechanisms of early tooth development and crown morphogenesis have been extensively studied, little is known about the molecular mechanisms controlling tooth root formation [1, 2] .
To date, several signaling pathways have been implicated in tooth root development [3] [4] [5] . Epithelial sonic hedgehog (Shh) and transforming growth factor-b signaling are essential for Hertwig's epithelial root sheath (HERS) formation [4, 6] . In by the Smad4-Shh-Nfic signaling cascade [4] . Interaction between HERS and dental mesenchyme may guide the size, shape, and number of tooth roots. On the basis of previous reports, it is postulated that Nfic may participate in root morphogenesis through interactions between HERS and dental mesenchyme.
Currently, developmental mechanisms underlying root morphogenesis are poorly understood. Morphologically, root morphogenesis is initiated with HERS formation after crown morphogenesis. With the elongation of HERS, mesenchymal cells in the dental papilla proliferate and differentiate into odontoblasts [11] . Recently, it has been reported that mesenchymal proliferation contributes to root morphogenesis [12] . Spatially regulated mesenchymal proliferation is required for creating cylindrical root structure. Mesenchyme in the root elongation region shows relatively higher proliferation than the furcation region. However, the mechanisms of root morphogenesis and their interactions between HERS and dental mesenchyme remain unclear. In addition, it is not known whether Nfic is involved in root morphogenesis. Here, we analyzed Nfic knockout mice to investigate the role of Nfic in root patterning and growth during molar root development.
Materials and Methods

Mouse strains and tissue preparation
All experimental procedures were approved by the Animal Welfare Committee of the Chonbuk National University. Nfic null mice have been previously described [8, 9] . Total of 72 animals were used in this study. For histological analysis, mice were sacrificed and the mandibles were carefully dissected. The tissues were fixed in 4% paraformaldehyde (PFA) and decalcified in 10% ethylenediaminetetraacetic acid solutions for 2 to 4 weeks at 4°C. The decalcified tissues were dehydrated through a graded ethanol series, embedded in paraffin, and sectioned with 5-μm thickness. Slides were stained with hematoxylin and eosin.
Immunohistochemistry
For immunostaining, sections were treated with 3% hydrogen peroxide, and incubated with rabbit polyclonal antibodies against Nfic (1:200) [13] , cytokeratin 14 (CK14; 1:900, Covance, Berkeley, CA, USA), Smo (1:100, Abcam, Cambridge, MA, USA), Gli1 (1:400, LifeSpan Biosciences, Inc., Seattle, WA, USA), laminin (1:100, Abcam), and Phex (1:50, Sigma-Aldrich, St. Louis, MO, USA). A Histostain Plus Rabbit Primary (DAB) kit (Zymed Laboratories, San Francisco, CA, USA) was used according to the manufac- 
Cell proliferation assay
To detect cell proliferation in developing roots, 5'-bromo-2' deoxyuridine (BrdU) labeling reagent (45 μg/g body weight; Roche, Indianapolis, IN, USA) was injected intraperitoneally into 10-day-old wild type (WT) and mutant (MT) mice. Two hours after injection, mice were dissected, the mandibles were fixed with Carnoy's fixatives at 4°C overnight, embedded in paraffin, and sectioned in the root elongation region and furcation region for immunodetection with the BrdU la beling and detection kit (Roche). For statistical analysis, 5 consecutive sections from 3 independent littermates were used.
Scanning electron microscopy
To isolate molars, skin and muscles were clipped away from the dissected mandibles of 14-, 18-, and 28-day-old (P28) mice. The mandibles were then incubated in 50 mM Tris-Cl (pH 8.0), 0.5% sodium dodecyl sulfate, and 0.2 mg proteinase K/ml at 55°C for 1 hour. After a brief wash in water, the first molars were extracted, fixed in 4% PFA, and immersed in a 5% sodium hypochlorite solution for 1 hour to remove soft tissues. The specimen surfaces were sputter-coated with platinum after drying and examined with a scanning electron microscope (JSM-6400, JEOL, Tokyo, Japan) under 20-kV conditions.
Statistical analysis
All data are presented as mean±standard error of the mean. All statistical analyses were performed using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA). Statistical differences were determined by the Student's t test 
Results
Disturbances in root patterning in Nfic knockout mice
To observe the morphological features of molar roots during development, we isolated the mandibular first molars of mice at P14, P18, and P28. Under observation with scanning electron microscopy, roots were gradually elongated with age in WT mice but roots were short due to disrupted elongation in MT mice (Fig. 1A-G) . In examination of the ba sal aspect of molar roots, root furcation between mesial and distal roots was regularly observed in WT mice (Fig. 1H , J, L). However, furcation was not observed in MT mice at P14 and P18. In MT mice at P28, apically displaced incomplete fur cation was observed (Fig. 1G, N) . No furcation was occasionally observed in MT mice (25% penetrance; n=8).
To compare the histological differences between the root elongation and furcation region during root development, we observed hematoxylin and eosin stained frontal sections across the center of the mesial root and mid-furcation of mandibular first molars ( Fig. 2A-H) . At P8, there was no remarkable difference in the elongation region between WT and MT mice ( Fig. 2A, B) . In the furcation region of WT mice, thin dentin was ob served, but elongated HERS without dentin was observed in MT mice (Fig. 2E, F) . At P28, root length was extremely short in the elongation region of MT mice (Fig. 2C,  D) . In the furcation region of WT mice, relatively thick interradicular dentin dentin at the furcation region was formed close to the cervix, but inter-radicular dentin it was very thin and apically displaced in MT mice (Fig. 2G, H) .
Nfic regulates cell proliferation in the dental mesen chyme in a sitespecific manner
Because histological differences between WT and MT mice were apparent in the mandibular first molar at P10, we performed BrdU-labeling experiments to assess cell proliferation changes following disruption of Nfic. In WT mice, BrdU-labeled cells were mainly located around HERS in the elongation region, but scarcely found in the pulp core and the furcation region (Fig. 2I, K) . In the elongation region, BrdUlabeled cells were significantly reduced in MT compared with WT littermates (Fig. 2J, M) . However, BrdU-labeled cells were increased in the furcation region of MT (Fig. 2L, M) .
Root patterning is determined by responsiveness to Shh signaling in dental papilla
We performed immunohistochemical stains to assess mo lecular changes in the developing molar roots following dis ruption of Nfic. Comparable molecular changes in the developing molar roots following Nfic disruption were observed at P10 (Fig. 3) . In the elongation region, HERS cells of both WT and MT mice were marked by CK14 (Fig. 3A, E) . HERS was thin and short in WT mice, but was longer in MT mice. Laminin, a component of the basement membrane, was localized around HERS both of WT and MT mice (Fig. 3B, F Localization of Smo, a signal transducer of Shh signaling [6] , was overlapped in the membrane of HERS cells in WT mice (Fig. 3C) . However, Smo was downregulated in the HERS cells of MT mice. Weak Smo immunoreactivities were observed in the region between the inner layer of HERS and ad jacent pulp cells (Fig. 3G ). Gli1, a transcription factor activated by Shh [14] , was widely localized in odontoblasts, pulp cells, and HERS cells of WT mice (Fig. 3D) . In MT mice, Gli1
was also widely localized in the cells of HERS and pulp core except preodontoblasts, dental papilla cells close to the inner layer of HERS (Fig. 3H ). In the furcation region of WT mice at P14, Nfic was localized in the odontoblasts and cells in the pulp and periodontium, whereas no immunoreactivity was observed in MT mice (Fig. 4A, B) . Phex, a marker for mature odontoblasts, was localized in the odontoblasts of both WT and MT mice (Fig. 4C, D) . Both in WT and MT mice, the www.acbjournal.org epithelial rests below the inter-radicular dentin dentin at the furcation region were marked by CK14 (Fig. 4E, F) . In WT mice, Smo was localized in the odontoblasts and cells in the periodontium (Fig. 4G) . Localization of Smo was found around the epithelial cells in MT mice (Fig. 4H) .
Discussion
Root morphogenesis is controlled by interactions between HERS and dental mesenchyme. Nfic has been identified as a key regulator of root formation. A previous report showed that Nfic knockout mice exhibit short molar roots [8] . In this study, we investigated the roles of Nfic in root morphogenesis. Nfic knockout mice exhibited remarkable tooth phenotypes characterized by an enlarged pulp chamber and apical displacement of the pulpal floor, characteristic features of taurodontism (OMIM 272700) [15] . This abnormality was closely associated with spatial impairment of cell proliferation in the dental mesenchyme.
In the developing roots of Nfic knockout mice, cell proliferation in the apical mesenchyme decreased in the root elongation region but remarkably increased in the root fur cation region. This result indicates that mesenchymal cell proliferation was altered depending on the location following disruption of Nfic. Such a spatial regulation of cell proliferation may contribute to abnormal root morphogenesis in Nfic knockout mice. Interestingly, Sohn et al. [12] recently reported that mesenchymal proliferation contributes to root morphogenesis. Mesenchyme in the root elongation region showed relatively higher proliferation than the furcation region. Taken together, it is suggested that short molar roots with impaired furcation formation may be caused by altered cell proliferation in Nfic knockout mice. Moreover, spatial regulation of mesenchymal cell proliferation may be required for root morphogenesis.
It is generally accepted that HERS is important for tooth root formation [16] . HERS is involved in determining root shape and size. However, the molecular mechanisms underlying root morphogenesis remain largely unknown. Previously, it has been reported that HERS fails to form in mice with K14-Cre mediated ablation of Smo or Smad4 in the dental epithelium [4, 6] . In addition, it was also reported that epithelial Smad4 signaling is mediated by the Smad4-ShhNfic signaling cascade during HERS formation [4] . These reports indicate that epithelial-mesenchymal interactions mediated by the Smad4-Shh-Nfic signaling cascade-mediated are crucial for initiation of root formation. However, it is questionable whether this signaling cascade remains effective during root elongation and patterning. HERS structures have been observed in disrupted molar roots of several gene targeted mice [3, 5, 7] . In these mutant molars, HERS initially forms but is disrupted during root elongation accompanied with impaired cell proliferation in the dental mesenchyme. In Nfic knockout mice, HERS was formed and elongated downward for a while, but was degenerated with impaired cell proliferation of mesenchyme. These results indicate that mesenchymal cell proliferation may be crucial for determining the fate of HERS for root elongation. Our findings, together with previous evidence, suggest that mesenchymal cell proliferation and differentiation may play important roles in root elongation whereas epithelial proliferation is essential for HERS formation during initiation of root formation.
In the developing roots of Nfic knockout mice, Smo expression was observed in HERS of both the elongation and furcation region at early root formation (P8). At late root formation (P14), Smo was expressed around HERS of the furcation region but downregulated from the elongation region. Furthermore, Gli1 was disappeared in the preodontoblasts of elongation region. These results indicate that ablation of Nfic caused disruption of Shh signaling in preodontoblasts through the downregulation of Smo ex pression during the late root formation stage. These results suggest that failure of HERS extension in the elongation region of Nfic knockout mice molars may result from a lack of preodontoblast proliferation due to loss of responsiveness to Shh signaling, and that prolonged HERS extension in furcation region may result from increase of cell proliferation. Therefore, Nfic may be involved in determining the fate of HERS through the temporospatial regulation of mesenchymal cell proliferation during root elongation. In this study, we could not determine which molecular signaling spatially regulates responsiveness to Shh signaling in preodontoblasts and HERS following the alteration of mesenchymal cell proliferation. It awaits further investigation to understand the complete mechanisms of root elongation and patterning.
In conclusion, our data suggest that Nfic plays important roles in root patterning and growth through the regulation of mesenchymal cell proliferation. Furthermore, our data provide new insights into understanding the developmental mechanisms of root formation and the pathological mechanism of developmental root anomalies.
